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Treating fungal infections represents a profound medical chal- Table 1. Average Minimum Inhibitory Concentrations (MIC)
lenge. Natural and synthetic small molecule antifungal agents are292inst C. albicans and Percent Hemolysis at the Average MIC

known, but their use as therapeutics is limited by their inherent average
toxicity to humans and increasing incidence of resistdndest- mics % hemolysis
defense peptides, components of the innate immune system that peptide pglmt at Mic?
are very effective against prokaryotic pathogens, have been reported L-magainin %?jeriyattive >i§g ig*
H H i HY H D-magainin erivative > *
(e relovance of these rosuls 0 n o aciviy fo nclear. ohai et /2T/ACHC VAl PLys) (1) 8oz
) . B3Tyr-(ACHC-B3LeuLys)s (2) 11 73
al. have shown that hydrophobic appendages can enhance the gaTyr-(ACHC-8%PhefLys)s (3) 8 80
antifungal activity of host-defense peptides and designed seqiences. [CTyr-(83Val-p3Val-ELys)s (4) 69 9
Several groups have explored unnatural oligomers composed of £ TYr-(ACHC-ACHC£%Lys)s (5) 21 7
_ﬁ-amino gcids (ﬁ-peptides”) as mimics of host-defensqaepti(_jes é’g‘&g%}f%?};&;ﬁéﬁé_ﬁ3LyS_ﬁ3Va|_ >1% ng
in the antibacterial contexy3-Peptide “foldamers” can be designed ACHC-ACHC3Lys (7)
to adopt helical conformations that display discrete hydrophobic
and cationic surfacesthereby mimicking the globally amphiphilic aAverage of all MIC values obtained for thre@. albicans strains

-heli i _ i i ing (SC5314, ATCC 24433, and ATCC 90028)-or peptides with MIC higher
o-helical conformations of many host-defense peptides, including than the highest concentration tested (488nL), the % hemolysis at 128

magginins and cecropiisSome-peptides display a_ntibacterial ug/mL is given and marked by an asteris§.(ND indicates no hemolysis
activity comparable to that of the host-defersgeptide proto- data were obtained.

types? Here we show that properly designgebeptides function
as antifungal agents under conditions that render host-defensghost-defense peptides retain the antibacterial activity of their natural
a-peptides inactive against fungal pathogens. antipodes? presumably because the mechanism of action involves
We focused onCandida albicansthe most prevalent fungal ~ Pacterial membrane disruption rather than binding to a specific
pathogen in humarfsMinimum inhibitory concentrations (MIC) bacterial protein. The enantiomeric magainin derivative should resist
were evaluated with thre€. albicansstrains using procedures Protease attack, but this peptide is inactive in the NCCLS antifungal
suggested by the Clinical and Laboratory Standards Institute susceptibility assay. Thus, the lack of antifungal activity observed
(formerly known as the National Committee for Clinical Laboratory ~for the a-peptides does not result simply from proteolytic degrada-
Standards, NCCLS8)Table 1); little difference was observed among  t1on.
the three strains. The minimum fungicidal concentrations (MFC) ~ We examineg-peptides intended to adopt 14-helical secondary
for theseC. albicansstrains were assessed using a colony-forming Structure (defined by 14-membered ring H-bonds formed between
assay. In every case the MFC was equivalent to the MIC (data not Packbone €O(i) and H-N(i-2) groups), because relatively short
shown). foldamers in this helical class have previously been shown to display
We evaluated twa-peptide sequences to gauge the antifungal Potent antibacterial activity and low hemolytic activiyg Since
activities of amphiphilic host-defense peptides in the NCCLS assay, the mechanism of antimicrobial activity appears to involve mem-
which is performed at pH 7 and physiological ionic strength. brane disruption, it is critical to examine the susceptibility of host
Previous reports indicate that the activities of cecropins and Cell membranes, for example, from human red blood cells, for
magainins again<t. albicansdepend sensitively on assay condi- comparison with activity against a eukaryotic microbe suclkCas
tions. At low ionic strength, suot-peptides inhibited growth above ~ albicans We focused on sequences containtrans-2-aminocy-

10ug/mL at pH 5.5, but were relatively inactive at pH 7.At pH clohexanecarboxylic acid (ACHC) residues, which have a much
7, magainin 2 reduce@. albicansgrowth by 50% at concentrations o

below 1ug/mL in low ionic strength solutions but was inactive at . ¥ 9

physiologic ionic strength We find that neither cecropin B nor a ‘YA\N ) }’iN/'\)L:’f\

magainin derivative displays any activity under the NCCLS assay (S.S)- ACHC ﬁsLeu'j(z(CHa)ZCHZCH_

conditions (the latter peptide, a triple mutant of magainin 2, has gi‘;igij‘cins)cﬁ’:

been widely employed because of its enhanced antibacterial activity BETyr X = 4-(HO)CH,CH,-

relative to magainin 2 itséff. To determine whether the-peptide Plys X=NF(CH):-

inacti\_/ity we obseryed arises from p_rc_nteoly_tic degfadaﬂc?”' we higher 14-helical propensity than geamino acid residues bearing
examined the enantiomer of the magainin derivative. Enantiomeric a side chain adjacent to the nitrogen atgifesidues)t

We were pleased to find significant antifungal activity for 14-

Iggggmgﬂ: o gﬂgm:gt&‘r'ya”d Biological Engineering. helical 8-peptides, given the lack of activity observed for the host
§ Department of Pharmacology. defensen-peptides (Table 1). The decam@Tyr-(ACHC-3%Val-
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Figure 1. Three-dimensional representation of globally amphiphilic and
scrambled 14-helicg$-peptidess and 7.

B3Lys)s (1) displayed a reasonably low MIC (168)/mL) and only
a moderate degree of hemolysis at the MIC (21%). The 14-helix

has approximately three residues per turn; therefore, the triad repeaﬁ

in this decgs-peptide should generate a globally amphiphilic
structure in which the hydrophobic ACHC apiéval residues are
clustered on one side of the helix and the catigtficys residues
are clustered on the other side. The N-termjflyr residue was
included to aid absorbance-based concentration determination.
B-Peptides2—5, analogues ofl, were evaluated to elucidate
relationships among sequence, folding, and antifungal and hemolytic
activities (Table 1). Circular dichroism (CD) in aqueous buffer
indicates that each of the ACHC-containiffgpeptides has a
substantial 14-helical populatiors (> 1 > 3 > 2), while, as
expected, little or no 14-helicity is evident fdf which contains
exclusively s3-residues! The fact that4 displays substantially
weaker antifungal activity than do analoguies3 and5 suggests
that 14-helical folding is important for this activity. However,
neither antifungal nor hemolytic activity is directly correlated with
the order of 14-helical folding indicated by the CD data, which
suggests that the biological activities are determined by an interplay
among conformational propensity and other physicochemical

properties such as net hydrophobicity. The decamer length appears

to be optimal, since no antifungal activity could be detected when
1 was truncated or extended by one ACIA&/al-S3Lys triad (not
shown).

Previous work with3-peptides closely related torevealed that
removal of the N-terminal3®Tyr residue decreases hemolytic
activity without diminishing antibacterial activit?. We found a
similar effect in terms of antifungal activity and selectivity, as
indicated by the behavior of (ACHB%Val-33Lys); (6): the average
MIC is indistinguishable from that g8°Tyr-containing variant,
but without the®Tyr only 5% hemolysis occurs at the MIC.

The importance of 14-helical folding for antifungal activity is
shown by the dramatic contrast betwe@mand sequence isomer
BLys-33Val-53Val-ACHC-3%Lys-3*Val-ACHC-ACHC33Lys (7).

The 14-helical conformation available @is not globally am-
phiphilic, because the cationiLys residues are distributed around
the helix circumference rather than aligned along one side (Figure
1). We have previously shown that analogous “scrambfiepgéptide
sequence isomers are completely inactive against baétevidjch

is consistent with the lack of antifungal activity reported here for
scrambledf-peptide 7. S-Peptide 5 has been shown to self-

associaté? and 1—4 and 6 may display similar behavior; self-
association ofr-peptides can influence antimicrobial activity.

Our results show, for the first time, that unnatural foldamers can
display significant antifungal activity. Although the b@speptides
described here do not match the most potent small molecules in
terms of in vitro activity (e.g., amphotericin B, for which MI€
0.7 ug/mL under our assay conditions), our findings are significant
because they identify a new class of antifungal agents that, by virtue
of modular structure, can be easily modified in pursuit of improved
activity. The contrast between the antibacterial and antifungal arenas
is striking. A wide variety of designefi-peptides, including some
identical or closely related to those discussed here, display
antibacterial activities rivaling those of host-defens@eptides,
but nos-peptide has significantly exceedeepeptide performance.
Here we have demonstrated antifungal activitygdeptides under
onditions (pH 7, physiological ionic strength) that do not support
ost-defense amphiphilie-peptide activity.

Acknowledgment. This research was supported by the UW-
Madison Nanoscale Science and Engineering Center (NSF Grant
DMR-0425880).

Supporting Information Available: j-Peptide synthesis, CD
analysis, and biological assay protocols. This material is available free
of charge via the Internet at http:/pubs.acs.org.

References

(1) (a) Pappas, P. G.; Rex, J. H.; Sobel, J. D.; Filler, S. G.; Dismukes, W. E.;
Walsh, T. J.; Edwards, J. Elin. Infect. Dis.2004 38, 161—189. (b)
Sanglard, D.; Bille, J. i'€andida and candidiasjsCalderone, R. A., Ed.;
ASM Press: Washington, DC, 2002.

(2) (a) Hancock, R. E.; Chapple, D. Sntimicrob. Agents Chemother999
43, 1317-1323. (b) van't Hof, W.; Veerman, E. C.; Helmerhorst, E. J.;
Nieuw Amerongen, A. VBiol. Chem.2001, 382, 597—-619.

(3) (@) Avrahami, D.; Shai, YBiochemistry2002 41, 2254-2263. (b)
Makovitzki, A.; Shai, Y.Biochemistry2005 44, 9775-9784.

(4) (a) Hamuro, Y.; Schneider, J. P.; DeGrado, WJ.FAm. Chem. S04999
121, 12200-12201. (b) Porter, E. A.; Wang, X.; Lee, H. S.; Weisblum,
B.; Gellman, S. HNature200Q 404, 565. (c) Liu, D.; DeGrado, W. F.
J. Am. Chem. Soc2001, 123 7553-7559. (d) Arvidsson, P. I;
Frackenpohl, J.; Ryder, N. S.; Liechty, B.; Petersen, F.; Zimmermann,
H.; Camenisch, G. P.; Woessner, R.; SeebaclGlizmbiochen200], 2,
771-773. (e) LePlae, P. R.; Fisk, J. D.; Porter, E. A.; Weisblum, B.;
Gellman, S. HJ. Am. Chem. So002 124, 6820-6821. (f) Porter, E.
A.; Weisblum, B.; Gellman, S. Hl. Am. Chem. So2002 124, 7324—
7330. (g) Raguse, T. L.; Porter, E. A.; Weisblum, B.; Gellman, SJH.
Am. Chem. SoQ002 124, 12774-12785. (h) Porter, E. A.; Weisblum,
B.; Gellman, S. HJ. Am. Chem. So2005 127, 11516-11529.

(5) Wisplinghoff, H.; Bischoff, T.; Tallent, S. M.; Seifert, H.; Wenzel, R. P.;
Edmond, M. B.Clin. Infect. Dis.2004 39, 309-317.

(6) Reference Method for Broth Dilution Antifungal Susceptibility Testing of
Yeasts: Appreed Standard2nd ed.; NCCLS document M27-A2; National
Committee for Clinical Laboratory Standards: Wayne, PA, 2002.

(7) Lee, I. H.; Cho, Y.; Lehrer, R. linfect. Immun1997, 65, 2898-2903.

(8) Helmerhorst, E. J.; Reijnders, |. M.; van't Hof, W.; Veerman, E. C.; Nieuw
Amerongen, A. VFEBS Lett.1999 449 105-110.

(9) Chen, H. C.; Brown, J. H.; Morell, J. L.; Huang, C. MEBS Lett.1988
236, 462-466.

(10) (a) Bessalle, R.; Kapitkovsky, A.; Gorea, A.; Shalit, I.; Fridkin, MEBS
Lett. 199Q 274, 151-155. (b) Wade, D.; Boman, A.; Wahlin, B.; Drain,
C. M.; Andreu, D.; Boman, H. G.; Merrifield, R. BProc. Natl. Acad.
Sci. U.S.A199Q 87, 4761-4765.

(11) (a) Appella, D. H.; Barchi, J. J.; Durell, S. R.; Gellman, S.JHAm.
Chem. Soc1999 121, 2309-2310. (b) Raguse, T. L.; Lai, J. R.; Gellman,
S. H.J. Am. Chem. So@003 125 5592-5593.

(12) CD data forl—5 may be found in the Supporting Information.

(13) Raguse, T. L.; Lai, J. R.; LePlae, P. R.; Gellman, SOrj. Lett.2001,
3, 3963-3966.

JA064630Y

J. AM. CHEM. SOC. = VOL. 128, NO. 39, 2006 12631





